Xue J, Zhou J, Zempleni J. Holocarboxylase synthetase catalyzes biotinylation of heat shock protein 72, thereby inducing RANTES expression in HEK-293 cells. Am J Physiol Cell Physiol 149: C1240-C1245, 2013. First published October 16, 2013 doi:10.1152/ajpcell.00279.2013.-In a recent mass spectrometry screen, we identified 108 new proteins that were modified endogenously by covalent binding of biotin; members of the heat shock superfamily of proteins, including heat shock protein 72 (HSP72), were overrepresented among the biotinylated proteins. Mammals respond to infections by secreting extracellular HSP72 (eHSP72), which elicits an immune response. Here, using mass spectrometry and site-directed mutagenesis, we identified five biotinylation sites in HSP72. We used coimmunoprecipitation, mass spectrometry, and limited proteolysis assays to demonstrate that HSP72 interacts physically with the protein biotin ligase holocarboxylase synthetase (HLCS), leading to biotinylation of residues K112, K128 K348, K361, K415, and, probably, additional lysines. Finally, we demonstrated that HLCS-dependent biotinylation of eHSP72 increases expression of the chemokine regulated on activation normal T-expressed and presumably secreted (RANTES) by human embryonic kidney (HEK-293) cells. In conclusion, we report a novel endogenous modification of HSP72 and demonstrated that binding of biotin to eHSP72 prepares cells for a strong immune response.
THE STRESS-INDUCIBLE 72-kDa heat shock protein (HSP72) localizes in the cytoplasm, nucleus, and extracellular space and is essential for the cellular response to accumulation of unfolded protein and immune function (2, 14) .
HSP72 is released from the cell through passive and active pathways (2) . The level of extracellular HSP72 (eHSP72) increased in response to bacterial infection in rats (6) , treatment with lipopolysaccharides in THP-1 human monocytic cells (1) , and inhibition of phospholipase C in A-431 human squamous carcinoma cells (8) . Unlike intracellular HSP72, eHSP72 promotes secretion of proinflammatory cytokines, mediated by binding to cell surface receptors (3, 6, 16) . Covalent binding of the vitamin biotin to eHSP72 (eHSP72bio), accomplished by synthetic cross-linkers and recombinant HSP72, increases binding of eHSP72 to its receptors on the cell surface, thereby enhancing secretion of the chemokine regulated on activation normal T-expressed and presumably secreted (RANTES) in cell cultures (24) .
Recently, we discovered 108 novel biotinylated proteins in a human kidney cell line (Y. Li et al., unpublished observations). Molecular chaperones, including HSP72, were overrepresented among biotinylated proteins and accounted for 17% of the novel targets for biotinylation. Presumably, binding of the vitamin biotin to HSPs is catalyzed by the sole protein biotin ligase in the human genome, holocarboxylase synthetase (HLCS) (23) . Considering the importance of eHSP72bio in RANTES signaling and the biological significance of RANTES in the chemoattraction and activation of a wide variety of immune cells during the immune response (12), we 1) determined whether HLCS interacts with HSP72 to catalyze its biotinylation, 2) identified biotinylation sites in HSP72, and 3) determined whether HLCS-dependent biotinylation of HSP72 increases the expression of RANTES.
MATERIALS AND METHODS
Cell lines. Human embryonic kidney (HEK-293) cells (CRL-1573, American Type Culture Collection, Manassas, VA) were cultured following the vendor's recommendations. Cells overexpressing Flagand Myc-tagged HLCS were created as described previously (26) . We used HEK-293 cells as the model, because previous studies suggest that chemically biotinylated HSP72 elicits an increase in RANTES secretion in this cell line and the 108 novel biotinylated proteins, including HSP72, were discovered in HEK-293 cell extracts.
Plasmids and recombinant proteins. The plasmid pET41a(ϩ)-HLCS was used to prepare GST-tagged recombinant full-length HLCS, as described previously (4) . Full-length human HSP72 (National Center for Biotechnology Information accession no. NM_005345.5) was cloned from HEK-293 cell cDNA prepared using the forward primer 5=-GTCCGAATTCGGGGCCAAAGCCGCGGC-GATCGGCATCGA-3= and the reverse primer 5=-GGACCTCGA-GCATCTACCTCCTCAATGGTGGGGCCTGACCC-3=. The PCR product was digested and ligated into vector pET28a(ϩ) (EMD Millipore, Temecula, CA); EcoRI and XhoI were used to create pET28a(ϩ)-HSP72. Recombinant HSP72 was expressed in Escherichia coli and purified as described previously (4), including removal of recombinant HSP72 that was biotinylated by BirA in E. coli (11) . HSP72 mutants were created by site-directed mutagenesis using plasmid pET28a(ϩ)-HSP72 and the Geneart site-directed mutagenesis kit (Invitrogen, Carlsbad, CA). The identities of all plasmids were verified by sequencing.
Coimmunoprecipitation assay. Coimmunoprecipitation assays were conducted in HEK-293 cells overexpressing Flag-and Myc-tagged HLCS, as described previously (13) , except the cells were pretreated with 0.125 M formaldehyde at room temperature for 15 min and then quenched with 0.125 M glycine. Proteins were resolved using 4 -12% Bis-Tris gels, with untransfected HEK-293 cells used as negative controls. The gels were stained blue for analysis by mass spectrometry or probed with anti-HSP72 (Enzo Life Sciences, Farmingdale, NY) and anti-Myc (Abcam, Cambridge, MA).
Limited proteolysis assay. Limited proteolysis was performed by incubation of His-tagged HSP72 or indicated mutants with GSTtagged HLCS or the GST tag alone at 37°C, as described previously (13) .
Semiquantitative PCR and quantitative real-time PCR. The HSP72 monomer is encoded by two distinct genes, HSPA1A and HSPA1B, with 5-nt difference in their coding sequences (15) . cDNA was prepared from HEK-293 cells overexpressing HLCS and untransfected controls. Semiquantitative PCR was performed using the fol-lowing primers: HSPA1A transcript was amplified using the primers specified above; for HSPA1B transcripts, the reverse primer was changed to 5=-GGACCTCGAGCATCCACCTCCTCAATGGTAGG-GCCTGACCCAG-3=. ␤-Actin [5=-GCACAGAGCCTCGCCTTT-GCC-3= (forward) and 5=-CGGCCAGAGGCGTACAGGGA-3= (reverse)] and GAPDH [5=-GGTCGTATTGGGCGCCTGGT-3= (forward) and 5=-ACAGTTTCCCGGAGGGGCCA-3= (reverse)] were used as controls. Power SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA) was used to quantify the abundance of transcripts by quantitative real-time PCR, without distinguishing between HSPA1A and HSPA1B transcripts. The following primers were used: 5=-AGGACATCAGCCAGAACAAG-3= (forward) and 5=-CT-GGTGATGGACGTGTAGAAG-3= (reverse). Primers for GAPDH are described elsewhere (26) .
Purification of biotinylated proteins for mass spectrometry analysis. HEK-293 cells (3 ϫ 10 7 ) were pelleted and lysed in 10 ml of BugBuster lysis buffer (EMD Millipore) containing protease inhibitor cocktail and Benzonase nuclease (EMD Millipore). After centrifugation, the supernatant was filtered through a 22-m membrane and loaded on a 2-ml monomeric avidin column (Thermo Scientific, Rockford, IL). Biotinylated proteins were eluted with 0.1 M glycine (pH 2.8) and concentrated using a 5,000 molecular weight cutoff concentrator (Corning, Tewksbury, MA). Protein samples were resolved on polyacrylamide gels and stained with Coomassie blue.
Mass spectrometry. For identification of immune-precipitated proteins in coimmunoprecipitation assay, the band observed in the HLCS overexpression group, rather than in the control group, was cut and prepared for mass spectrometry assay, as described previously (20) . All mass spectrometry assays were performed in the proteomic and metabolomics core facility in the Redox Biology Center at the University of Nebraska-Lincoln. The same protocol was used for samples purified by avidin columns. The acquired spectrum was compared with the human reference proteome using Mascot (www.matrixscience.com) (17) .
Biotinylation assay. His-tagged HSP72 or mutants were mixed with GST-tagged HLCS or GST tag alone and processed as previously described (4). Proteins were resolved using polyacrylamide gels and probed with streptavidin (18) . Equal loading was confirmed by antiHis (Abcam) (see Fig. 4 ) or Coomassie blue (see Fig. 5 ).
RANTES stimulation. HEK-293 cells were seeded in 24-well plates (0.5 ϫ 10 6 cells/500 l of medium) for 24 h prior to stimulation with enzymatically biotinylated recombinant HSP72 and HSP72K112-415R mutant, which were prepared as described in Biotinylation assay. Cells were stimulated for 20 h before collection for analysis of RANTES transcripts.
Statistical analysis. Normality was tested by normal quantile plot, and homogeneity of variances was tested by F-test. Student's t-test was used for pairwise comparisons. One-way ANOVA and Fisher's least significant difference test were used when more than two groups were compared. Values are means Ϯ SD. Differences were considered significant if P Ͻ 0.05.
RESULTS

HSP72 interacts physically with HLCS.
Whole cell lysates from HEK-293 cells overexpressing HLCS were precipitated with anti-Myc and probed with anti-HSP72 and anti-Myc in Western blots. Distinct bands for HSP72 and HLCS were observed in HLCS-overexpressing cells; only a faint HSP72 band and no HLCS band were detected in untransfected controls (Fig. 1A) . The abundance of HSP72 in input samples was the same for HLCS-overexpressing cells and controls.
Next, whole cell lysates were precipitated with anti-Flag and resolved by gel electrophoresis. A distinct band with an apparent mass of 72 kDa was visible after Coomassie blue staining (Fig. 1B) and was identified as HSP72 using liquid chromatography-tandem mass spectrometry (LC-MS/MS) and Mascot (probability score ϭ 242) (17) .
Overexpression of HLCS did not cause cell stress in FlagMyc-HLCS cells, as judged by expression of HSP72. The abundance of HSP72 protein was not affected by HLCS overexpression ( Fig. 2A) . The abundance of HSP72 mRNA was only moderately increased (ϳ50%) in HLCS-overexpressing cells compared with controls (Fig. 2B) . Transcripts from HSPA1A and HSPA1B contributed to the moderate increase in HSP72 mRNA (Fig. 2C) .
The physical interaction between HLCS and HSP72 was confirmed using limited proteolysis assays. Preincubation of His-tagged HSP72 with GST-tagged HLCS protected HSP72 against proteolysis compared with the GST tag alone as negative control (Fig. 3) .
HLCS-dependent biotinylation of HSP72. HLCS has HSP72 biotin ligase activity. When GST-tagged HLCS was incubated A: lysates from cells overexpressing Flag-and Myc-tagged HLCS (ϩ) and normal controls (Ϫ) were immunoprecipitated with anti-Myc; proteins in precipitates were resolved on polyacrylamide gels and probed with anti-HSP72 and anti-Myc. Samples prior to precipitation served as input controls and were probed with anti-HSP72 and anti-GAPDH. WB, Western blot; IP, immunoprecipitation. B: samples were prepared as described in A, but proteins were precipitated using anti-Flag, gels were stained with Coomassie blue, and cut-out pieces (arrows at HLCS and HSP72) were analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS). Probability scores for protein identities were 1,170 and 242 for HLCS and HSP72, respectively.
with His-tagged HSP72, biotin, and cofactors at 37°C for 2 h, covalent binding of biotin to HSP72 was evident, as judged by streptavidin gel electrophoresis; GST served as negative control (Fig. 4A) .
HSP72 is also a target for biotinylation in vivo. Biotinylated proteins were purified from HEK-293 whole cell lysates using an avidin column and analyzed by LC-MS/MS. Seven independent samples were assayed in separate analytical runs and consistently produced a biotinylation signal for HSP72. As expected for HLCS-dependent biotinylation, lysine residues were the only biotinylation sites detected. Five biotinylation sites were identified: K112, K128, K348, K361, and K415 (Fig. 4B) . The Mascot probability scores for HSP72 were 1,067, 808, 3,848, 440, 11,447, 108, and 2,965.
Impact of individual lysine residues on HSP72 biotinylation and interaction with HLCS.
The following mutants were created: 1) HSP72 K112,128R with K112 and K128 mutated to arginines; 2) HSP72 K348,361,415R with K348, K361, and K415 mutated to arginines; and 3) HSP72 K112-415R with all five lysines mutated. None of the mutated residues is highly conserved in HSP72, on the basis of the profile hidden Markov model (21) (Fig. 5A ). In the profile hidden Markov model, the height of the stack of letters at each position represents its information content, which measures the conservation of a position in a profile (19) . All three HSP72 mutants interacted physically with HLCS and were substrates for biotinylation by HLCS (Fig. 5B) , suggesting that lysines other than the five residues identified by LC-MS/MS are also targets for biotinylation, at least in vitro (see DISCUSSION 
and MATERIALS AND METHODS).
HLCS-mediated biotinylation on HSP72 stimulates RANTES production. Biotinylated HSP elicits an increase in RANTES expression in HEK-293 cells. Recombinant HSP72 and HSP72 K112-415R were biotinylated using recombinant HLCS. When biotinylated HSP72 was added to cell culture medium, the expression of RANTES mRNA increased significantly at HSP72 levels of Ն0.5 M compared with HSP72 prepared in the absence of HLCS (Fig. 6A) . When HLCS was added to the cell cultures, RANTES mRNA levels increased, suggesting that eHSP72 might have been biotinylated by exogenous HLCS. The addition of biotinylated HSP72 K112-415R to the culture medium also caused an increase in RANTES expression (Fig. 6B) , consistent with the theory that lysines other than the five residues identified by LC-MS/MS are also targets for biotinylation. Biotinylated HSP72 K112-415R caused an increase in RANTES mRNA at concentrations as low as 0.1 M.
DISCUSSION
This is the first report of a novel biotinylated protein in the human proteome HSP72. This discovery is biologically important from the following points of view. 1) We recently identified 108 novel proteins that are targets for biotinylation in vivo (Y. Li et al., unpublished observations). Here we show that the covalent binding of biotin is biologically significant for at least some of these proteins. 2) HSPs, such as HSP72, play essential roles in protein processing and transport and in the stress and immune response (2, 5, 9, 14) . One can assume with a reason- Fig. 3 . HSP72 interacts physically with HLCS in limited proteolysis assays. Recombinant GST-tagged HLCS (GST-HLCS) was incubated with recombinant His-tagged HSP72 (His-HSP72) prior to treatment with trypsin. At timed intervals, aliquots were collected, resolved using polyacrylamide gel electrophoresis, and stained with Coomassie blue. Controls were created by incubation of His-tagged HSP72 with GST alone. Fig. 2 . HLCS overexpression does not cause an increase in HSP72 expression in HEK-293 cells. A: proteins in cell lysates from cells overexpressing Flag-and Myc-tagged HLCS and normal controls (Ϫ) were resolved using polyacrylamide gels, and transblots were probed using anti-HSP72 and anti-GAPDH (control). Abundance of HSP72 was quantified by band densitometry and normalized for GAPDH. Values are means Ϯ SD of 3 independent experiments. P ϭ 0.905. Inset: a typical gel. B: total HSP72 mRNA abundance (HSPA1A ϩ HSPA1B) was quantified using RT-PCR. Values are means Ϯ SD for 3 independent runs. *P ϭ 0.0086. C: semiquantitative PCR analysis of HSPA1A and HSPA1B full-length transcripts using cDNA from cells overexpressing Flag-and Myc-tagged HLCS and normal controls.
able level of confidence that posttranslational modifications that affect the activities of these proteins will have meaningful effects in cellular metabolism.
The biotinylation of HSP72 was of particular interest in our follow-up studies for the mass spectrometry screen, on the basis of the rationale that biotinylated HSP72 was detected in every cell extract and mass spectrometry experiment that we conducted. In addition, HSP72 is unique, in that it is secreted into the extracellular space, where it binds to receptors on the cell surface to increase expression and secretion of the chemokine RANTES (12) , thereby enhancing the immune response to cell stress, such as microbial infection; this effect is partly due to the induction of maturation of dendritic cells (6, 25) . A recent report suggests that chemical, not site-specific, biotinylation of eHSP72 increases RANTES secretion by HEK-293 cells (24) , consistent with our observations using enzymatic, site-specific biotinylation of lysine residues. The increased binding of biotinylated HSP72 to cell surface receptors compared with nonbiotinylated HSP72 may be caused by an increase in the hydrophobicity of proteins due to the biotin mark (22) , because the binding of biotin to lysine residues takes away the positive charge associated with ε-amino groups and introduces a rather hydrophobic heterocyclic ring and a short aliphatic chain. However, these lines of interpretations are controversial (24) , and biotin might have a more specific effect. Although mutagenesis analysis of the five identified lysine residues did not support a site-specific role of biotinylation in altering receptor recognition of HSP72, we speculate A: His-tagged HSP72 was incubated with GSTtagged HLCS, biotin, and cofactors for enzymatic biotinylation. Proteins were resolved by polyacrylamide gel electrophoresis, and HSP72-bound biotin was probed using streptavidin. Controls were prepared by omission of HLCS. Equal loading was confirmed using anti-His. B: biotinylated proteins from HEK-293 cell lysates were enriched using avidin columns, desalted, and resolved by gel electrophoresis, and cut-out pieces were analyzed by LC-MS/MS. Five biotinylation sites were identified in HSP72, and scores represent peptide probability scores from Mascot analysis. Two distinct scores were obtained for K112 and K128 dually biotinylated HSP72 in independent experiments, and both scores are shown.
that lysine biotinylation in HSP72 causes modification of the protein conformation that favors binding of specific cell surface receptors in a way other than an effect on hydrophobicity; however, further evidence is needed to support this scenario. We did not formally exclude the possibility that posttranslational modifications of eHSP72 other than biotinylation might also alter the secretion of RANTES.
A few uncertainties remain to be addressed in future studies. For example, it is unknown whether a person's biotin status affects the abundance of HSP72 biotinylation marks. Evidence suggests that biotinylated proteins, such as carboxylases, rapidly lose the coenzyme biotin in biotin-depleted cell cultures and persons (7, 10) . Our studies using the HSP72 K112-415R mutant suggest the existence of additional biotinylation sites, but these sites escaped detection in our mass spectrometry analysis. We speculate that biotinylation marks in these sites are rare and might be less important than those in the five sites identified in this study. Also, lysines biotinylated by recombinant HLCS in vitro are not necessarily the preferred targets for biotinylation in vivo.
In conclusion, we provide evidence that the number of biotinylated proteins in the human proteome is substantially larger than previously thought, and we posit that some of these biotinylation marks affect protein function, including stress response systems. We are creating a conditional HLCS knockout mouse to address some of these questions in an animal model in future studies. 
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